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We study the low frequency current correlations of an individual single-walled carbon nanotube 
at liquid He temperature. We have distinguished two physical regimes - zero dimensional quantum 
dot and one dimensional quantum wire - in terms of an energy spacing from the finite tube length 
in both differential conductance and shot noise measurements. In a one dimensional wire regime, we 
observed a highly suppressed shot noise from all measured tube devices, suggesting that electron- 
electron interactions play an important role. 
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Single-walled carbon nanotubes (SWNTs) have been 
an attractive material for over a decade due to their 
unique chemical, mechanical and electronic properties. 
They are molecular quantum wires ^, an ideal system to 
probe low-dimensional physics. Since SWNTs have both 
spin and orbital degeneracy, conductance with ideal con- 
tacts yield two times of spin-degenerate quantum unit of 
conductance, 2{2e^/h). Conductance measurements of 
SWNTs coupled to metal electrodes have demonstrated 
remarkable electrical transport properties: Coulomb 
blockade oscillation^, the Kondo effect^, ballistic quan- 
tum interference^-^, and Luttinger-liquid behavior-. 

Noise experiments in carbon nanotubes, however, are 
relatively recent for two main reasons: the difficulty to 
fabricate nearly-ohmic contacted SWNT devices^, and a 
technical obstacle to achieve a high signal-to-noise ra- 
tio because of a weak excess-noise signal embedded in 
the prevalent background noise. Only a few groups, in 
fact, have reported 1// noise of SWNTs and multi- walled 
nanotubes^, and shot noise measurements on an ensem- 
ble of SWNTs^. 

Shot noise refers to the non-equilibrium current fluc- 
tuations resulting from the stochastic transport of quan- 
tized charge carriers. When electron transport is gov- 
erned by Poisson statistics as in the random emission 
of electrons from a reservoir electrode, the spectral den- 
sity of the current fluctuations reaches full shot noise 
Si = 2e7, where e is the electron charge and / is the 
average current. In a mesoscopic conductor, quantum 
shot noise occurs due to the random partitioning of elec- 
trons by a scatterer. If the noiseless incoming electrons 
from a Fermi-degenerate reservoir at zero temperature 
are scattered into the outgoing states with a transmis- 
sion probability T, the transmitted electrons carry par- 
tition noise Si = 2e/(l - T). T is the ratio T = ^ be- 
tween the spin-degenerate quantum unit of conductance 



Gq = {2e^/h) - (12.5k(^)-^ and the measured DC con- 
ductance G for a ballistic conductor^^. Noise in a quan- 
tum system is quantified with the Fano factor F = 

Quantum shot noise has been observed with quantum 
point contacts (QPCs) in two-dimensional electron gas 
systemsiiiiS. Recently proposed detection schemes for 
entangled electrons have uitilized the analysis of shot 
noise correlations^^' Moreover, shot noise measure- 
ments allow one to observe the effective charge Q of quasi- 
particles along fractional quantum Hall edge states^^'^^, 
yielding Si = 2Q/(1 - T) and F = ^^I^, Electron- 
electron interactions in one-dimensional edge states re- 
sult in fractionally charged carriers. This strongly cor- 
related ID system is modelled as a "Luttinger liquid" 
(LL). 

A LL exhibits power-law scaled conductance ( in terms 
of temperature and applied voltage), spin-charge separa- 
tion, and charge fractionalizationi^. Quantum Hall edge 
states are an example of a chiral LL, in which the for- 
ward and back-scattered electrons move along spatially 
separate paths. In contrast, the forward and backward 
propagating electrons coexist along a non-chiral LL, such 
as a SWNT. While noise measurements on a chiral LL ex- 
amined directly the effective charge of quasiparticles, to 
date there is no noise data for a non-chiral LL. When elec- 
trons travel through a SWNT, an important question is 
whether electron-electron interactions in a non-chiral LL 
are manifest as a fractional charge. This remains an open 
question among theorist3i2i22i2i in the absence of exper- 
imental results. In this Letter, we present the first ex- 
perimental results from quantitative, two-port shot noise 
measurements of a single isolated SWNT at 4 K, which 
may help to clarify this issue. 

An SWNT was synthesized as reported previousl3*2i: 
An individual SWNT was grown by Alumina-based 
chemical vapor deposition method onto a 500 /im -thick 
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FIG. 1: (Color online) Conductance {G — I /Vds) vs the gate 
voltage {Vg) with the different drain-source voltages {Vds) at 
4 K . Conductance is normalized by 2Gq = 2(2e^//i). Shot 
noise measurements were performed by sweeping Vg where the 
conductance is constant, indicated in the red arrow region. 
(Inset) Atomic force microscopy image of the SWNT device. 



Si02 layer which was thermally grown on a heavily doped 
Si substrate. The Si substrate was used as the back gate. 
The metal electrodes were patterned by electron beam 
lithography, defining a device length between 200 and 
600 nm (Inset of Fig. Ti/Au or Ti-only metal elec- 
trodes featured good contacts for low resistance SWNT 
devices. Atomic force microscopy imaging enabled us to 
select the device consisting of a single isolated SWNT 
which was 1-3 nm diameter and 200 - 600 nm long. We 
first measured conductance as a function of gate voltage 
{Vg) to classify the tube as metallic or semi-conducting. 
The metallic tubes were chosen for noise measurements. 
Resistances of the selected devices were typically 15 ~ 50 
kl] at room temperature and about 12.2 ~ 25 kl] at 4 K. 

PredictionsSSi^ and experiments^'^'^'^^ have shown 
that both the elastic and the inelastic mean free path are 
at least on the order of microns in metallic nanotubes at 
low temperatures. Electron transport within 200 — 600 
nm-long SWNTs is believed to be ballistic^'^. We have 
observed a quantum interference pattern in the differen- 
tial conductance dl/dVds (where Vds is the drain-source 
voltage) as a function of Vds and Vg at 4K as shown in 
Fig.[2fa). The diamond structures are determined by the 
finite length of the tube between the metal electrodes. 
The sample is 360 nm-long, and the corresponding en- 
ergy spacing is roughly 10 meV. The size of the pattern 
is consistent with the energy spacing. The interference 
structure continues until approximately Vds ^ 20 mV, 
above which it fades away (Fig. [2Ib)). This interference 
pattern can be explained by a resonant tunnelling model 
with quantized energy levels due to finite reflection at the 
electrode-SWNT interfaces (Fabry-Perot cavity effect)^. 

We consider a simple model to understand the 
behavior of dl/dVds- Suppose the interfaces act as 
potential barriers with constant transmission probability 
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FIG. 2: (Color online) (a)(b) The differential conductance 
dl/dVds as a function of the drain-source voltage {Vds) and the 
gate voltage (V^). (c) Theoretical g from the simple double- 
barrier Fabry-Perot cavity model (blue) and the experimental 
result (red cross) at Vg = — 5V. 



Tl and Tji . The energy dependent overall transmission 
probability T{E) is written for a double-barrier structure 
as 



T{E) 



TrT, 



L-LR 



1 + (1 - Tl){1 - Tr) - 2^{1-Tl){1-Tr) cose{E) ' 



where &{E) is the phase accumulation caused by mul- 
tiple reflections and a function of Vds and Vg. This simple 
model fits well the experimental dl/dVds data for a small 
Vds energy, but deviates significantly as Vds increases 
(Fig. Etc)). We can interpret this conductance behav- 
ior in terms of the tube length L and Vds- The quan- 
tum state energy spacing {AE ) from the longitudinal 
confinement is inversely proportional to L, AE ~ 
where vf = S x 10^ m/s is the Fermi velocity. When 
Vds is smaller than the coherence length of elec- 

tron wavepackets is longer than L. In this region, the 
SWNT operates as an isolated zero-dimensional quan- 
tum dot between two leads. For Vds > the coherence 
length of electron wavepackets is shorter than the tube 
length. In this limit, each wavepacket passes through the 
one-dimensional conductor, and the oscillating period ap- 
parently increases. This phenomenon may indicate the 
correlated electrons^^. 

The two-terminal shot noise measurements were imple- 
mented by placing two current noise sources in parallel: 
one is a weakly coupled light emitting diode (LED) and 
photodetector (PD) pair, and the other is a SWNT. The 
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FIG. 4: (Color online) Fano factor (F) of five different metal- 
FIG. 3: (Color online) Representative data of the LED/PD lie devices as a function of the transmission probability T. We 
noise (5'pd, dark green), the SWNT noise {Sswnt, light plot the noninteracting F(= 1 — T) (dark blue) and the inter- 
green), Fano factor (F, blue) and shot noise suppression factor acting models F = 0.2(1 — T) (red) and F = 0.3(1 — T) (red) 
(g, red). with samples 1,2,3,4 and 5. 



LED/PD pair, whose coupling efficiency from the LED 
input current to the PD output current was 0.1 % at 4 
K, served as the full shot noise source. The high signal- 
to-noise-ratio was achieved by implementing an AC mod- 
ulation lock-in technique and a resonant circuit together 
with a home-built cryogenic low-noise preamplifieiiiiii^. 
The input-referred voltage noise was approximately 2.2 
uV/a/Hz at 4 K with a resonance frequency ~ 15 MHz. 
The signal was fed into a 9 MHz bandpass filter followed 
by a square-law detector and a lock-in amplifier. The 
Fano factor F{Iq) = ^^^^^ was obtained from the ratio 
of the tube noise (Sswnt) and the full shot noise {Spo) 
at various currents Iq. The current noise generated in 
the LED/PD pair was measured while the SWNT was 
voltage-biased at an un-modulated DC current Iq . Fig- 
ure Olpresents typical data of the measured LED/PD and 
SWNT shot noise and Fano factor. Two distinct regimes 
are noticeable depending on the bias voltage Vds- At a 
low bias voltage (0 < Vds < 10 mV), F and g oscillates as 
a function of Vds- For a high bias voltage {Vds > lOmV), 
F and g reach saturated values. 

The SWNT current fluctuations show many features 
and can be divided into two distinct regimes according 
to AE. A non-interacting electron model predicts that 
an expected Fano factor is 1 — T(/o) at a net trans- 
mission probability T(/o). This simple picture, how- 
ever, does not match the measured F{Io) over the en- 
tire Vds range. In a low Vds^ ^(^o) deviates from the 
non-interacting prediction in a complicated way; the sup- 
pressed shot noise around zero Vds becomes enhanced. 
Enhanced noise would be a consequence of correlated res- 
onant tunnelling^^. Currents through coherent resonant 
states may be affected by weak localized states within 
the system such that additional noise occurs due to in- 
teraction. While conductance does not reflect this effect. 



the shot noise manifests it sensitively. 

The SWNT noise in a one-dimensional wire regime is 
suppressed far below the non-interacting electron predic- 
tion. For instance, the tube in Fig.|31has R ~ 14.3kl] at 
Vds = 40 mV corresponding to T ~ 0.45 and 1— T ~ 0.55; 
however, the observed F value at Vds = 40 mV is 0.16. 
Defining this shot noise suppression g = F/{1 — T), the 
SWNT noise is then written by Si = 2elg{l - T). The 
suppression factor g (red in Fig.|Sl) falls between 0.2 and 
0.3 for a large Vds, which matches the theoretical value 
of the Luttinger parameter in SWNTs22iS£. 

Figure ^ summarizes the Fano factors of five different 
metallic SWNTs (samples 1-5) as a function of the trans- 
mission probability T. All values are extracted from the 
one-dimensional wire regime. For each device, the shot 
noise measurements were performed by varying Vg. All 
five tubes manifested both a strong suppression and a 
consistent g value. Surprisingly, even a highly resistive 
tube also showed a similar suppression (sample 5). 

Two different models are considered in an attempt to 
explain the results. First is the coherent scattering theory 
(Landauer-Bttiker formalism) of the non-interacting 
electrons. F in this picture (the blue solid line in Fig.^ 
clearly mismatches the experimental result. As the other 
model, we regard the suppressed shot noise in the context 
of a Luttinger-liquid model. Although an exact model 
for the current noise in a non-chiral LL is absent, we 
phenomenologically combine the partition noise expected 
from the non-interacting picture with a Luttinger param- 
eter. The Luttinger parameter is predicted to have a 
value g G [0.2, 0.3] in carbon nanotube a^^i^^ and, indeed, 
it was experimentally determined to be 0.26 — 0.28 from 
a power-law fit of the conductance in tubes weakly cou- 
pled to Fermi reservoirs^. We plotted two linear lines 
by identification of Q = ge, i.e. F = 0.2(1 — T) and 
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F = 0.3(1 — T) based on the limiting g values in Fig. ^ 
Most data points fall between the two lines. In order 
to test the universality of the additional shot noise re- 
duction factor, the further studies should be needed, for 
example, the effect of the metal electrode material, the 
interface between electrodes and tubes and the growth 
condition of SWNTs. 

We would like to point out that F of SWNTs increases 
as T decreases in a similar manner to the ballistic conduc- 
tor except with the additional suppression, which might 
be related to the electron-electron interactions within the 



tube. All Fano factors in Fig. ^ were taken at the high 
Vds ^ . The non-equilibrium noise in an interacting 
system has not been studied theoretically in this high- 
energy excitation regime to our best knowledge. A rig- 
orous theoretical work is now in demand to explain the 
shot noise in individual SWNTs. 
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